Age and female sex have repeatedly been identified as gallstone determinants but the underlying mechanisms are not clarified. The objectives of this study were to determine if changes with age in physiology, lifestyle, or reproductive hormones were associated with incident gallstones. A cohort study of a general population random sample (N = 2366) aged 30-60 years was performed. Participants were ultrasound screened for gallstones in 1982-84 and again in 1993-94. Lifestyle data and blood samples were obtained and re-analyzed in 2004. Changes with age in physiology (body mass index, blood pressure, blood lipids, self-rated health), lifestyle (smoking, alcohol and coffee consumption, dietary habits, physical activity level), and indices of reproductive function (number of births, oral contraceptive use, hormone replacement therapy, male reproductive hormones) were explored in females and males separately. Adjusted logistic regression analyses were performed. Incident gallstones (gallstones and cholecystectomy) at ultrasound examination in participants initially free of gallstones at baseline occurred in 9.9% of the study population. In females, increasing alcohol consumption (odds ratio (OR) 0.94, 95% confidence interval (CI) [0.90; 0.98]) and the cessation of hormone replacement therapy (OR 0.29, 95% CI [0.10; 0.83]) inversely determined incident gallstones. In males, increasing levels of SHBG (OR 0.97, 95% CI [0.94; 0.998]) inversely determined incident gallstones. Other changes with age in physiology, lifestyle, or reproductive hormones were not associated. High baseline free testosterone determined incident gallstones in males (OR 1.15, 95% CI [1.02; 1.30]). To conclude, changes with age in alcohol consumption in females and in reproductive hormones determined incident gallstones. Male reproductive hormones seem to have an impact on incident gallstones. Sex differences should be explored further in future studies.
INTRODUCTION
Gallstones are one of the most frequent causes of hospital admissions with substantial costs for health care providers (Russo et al., 2004) . Age and female sex have repeatedly been identified as determinants of gallstone formation in cohort studies (Shabanzadeh et al., 2016b) . The majority of previous cohort studies have not explored the effects of changes with age in physiology, lifestyle, or reproductive hormones and, further, it is less known what determines the sex differences in gallstone formation.
Aging during adulthood has been associated to a number of physiological changes such as atherosclerosis, decline in male sex testosterone level, and a decline in estrogen levels in women which all have been associated with cardiovascular disease and overall mortality (de Kleijn et al., 2002; Araujo et al., 2011; Wang & Bennett, 2012) . Changes in lifestyle with advancing age such as the cessation of tobacco smoking has also shown to significantly alter cardiovascular, cancer, and mortality risk in cohort studies (Kenfield et al., 2008; Thun et al., 2013) .
Gallstones are associated to cardiovascular mortality (Shabanzadeh et al., 2017) and associations with cardiovascular disease risk factors have also been identified (Shabanzadeh et al., 2016b ). An exploration of changes with age in cardiovascular risk factors and sex differences is therefore reasonable and would provide knowledge about gallstone disease and prevention.
The objectives of this study were to determine if 10-year changes in physiology, lifestyle, or reproductive hormones and whether sex differences determined incident gallstones in a general population sample examined and re-examined for gallstones through ultrasound.
MATERIAL AND METHODS
The study was based on the Danish MONICA I study and the 10-year follow-up of the cohort. A random sample of 4807 persons aged 30-60 years and living in 11 municipalities in the western part of the urban area of Copenhagen was drawn from the Civil registration system in October 1982. All persons in the sample were invited to the baseline examination by a standard letter. Non-responders were re-invited and those who still did not respond were contacted by telephone and, if not reached, a third letter asking them to take contact by telephone was sent. Examination outside working hours and free transportation was offered if necessary. Examinations took place after 12 h of fasting and included an abdominal ultrasound to assess gallstonestatus, blood samples, and questionnaires about medical history including previous cholecystectomy and lifestyle. Participants were interviewed if errors or omissions had occurred in the questionnaire responses. The cohort was re-examined 10 years later in 1993-94. Serum samples were stored in aliquots at À20°C until additional biochemical analyses were performed in 2004. Informed consent was obtained for all participants before enrolment into study. The study protocol had been accepted by the local research-ethics committee. Gallstone prevalence and incidence studies have been published previously (Jorgensen, 1987; Jensen & Jorgensen, 1991; Shabanzadeh et al., 2016a,b,c) .
The outcome of this study were incident gallstones defined as either gallstones identified by ultrasound at re-examination or as cholecystectomy performed during follow-up in participants without gallstones at baseline. Gallstones were defined as acoustic shadows that moved with gravity in a gallbladder lumen. Exceptions from the mobility criteria included if a stone was wedged in the infundibulum of the gallbladder or otherwise impeded by size, septae, or folds (Jensen & Jorgensen, 1991) . No intrahepatic or common bile duct gallstones were identified at the ultrasound examinations. Participants attending the reexamination without gallstones or cholecystectomy at baseline were included. Ultrasound examinations were performed with Toshiba SAL 20A (Toshiba Corporation, Tokyo, Japan) by one person (author T. J.) in the baseline examination and with a Br€ uel and Kjaer 3535 (Naerum, Denmark) by another person in the re-examination. The detection of gallbladder gallstones through ultrasound is reported with high inter-observer agreement (Festi et al., 1989) and bias in the detection of gallstones due to different examiners is thereby not suspected.
The explorative variables considered were body mass index, blood pressure, blood lipids, self-rated health, lifestyle (smoking, alcohol and coffee consumption, dietary habits, physical activity level), and indices of reproductive function (birth control pill use and hormone replacement therapy, number of births, endogenous male reproductive hormone levels). Body mass index was defined as kilograms divided by height in square meters. The blood pressure was measured on the right arm while seated. Serum lipids were measured using enzymatic colorimetry (Roche, Germany). Self-rated health was included as a threeclass variable (excellent/good, average, or bad/very bad). The type of diet was assessed through a food frequency questionnaire and categorized into a healthy, a prudent and a western diet based on increasing intake of fats and decreasing intake of coarse grains, vegetables and fruits (Osler et al., 2002) . In the male population, testosterone and estradiol were measured by time-resolved fluorimmunoassay and sex hormone-binding globulin (SHBG), luteinizing hormone (LH), and follicle stimulating hormone (FSH) were measured by time-resolved immunofluorometric assay (DELFIA; Wallac Oy, Turku, Finland). Samples had been stored for a varying period before hormone analysis and had been thawed and analyzed for other purposes prior to the hormone analyses. Therefore, the hormone levels were initially corrected for evaporation according to median serum Na+ levels measured in samples from the two surveys as previously extensively validated (Andersson et al., 2007) . Free testosterone was calculated based on the testosterone and SHBG concentrations according to the method suggested by Vermeulen et al., (1999) with the assumption of an average albumin concentration of 43.0 g/L. Measuring male reproductive hormones through immunoassays has been validated against liquid chromatography-tandem mass spectrometry several times and also in large general populations (Hsing et al., 2007; Haring et al., 2013) .
Changes with age were defined as changes in variables over a decade between the baseline examination and re-examination. The changes in the variables smoking, birth control pill use, and hormone replacement therapy were each transformed into a four-level categorical variable reflecting if the use had been consistent, was started, was stopped, or never had been initiated during follow-up (consistent, started, stopped, never). Other continuous and categorical variables included reflected the direction of changes between baseline and re-examination and were adjusted for the baseline variable in analyses (consumption of alcohol and coffee, type of diet, physical activity level, blood pressure, self-rated health, high density lipoprotein cholesterol, non-high density lipoprotein cholesterol, triglycerides, number of births, total and free testosterone, SHBG, LH, FSH, estradiol). Changes in number of births between baseline and re-examination were negative in nine cases which were, therefore, excluded from the analyses of changes in number of births. Analyses were performed for males and females separately and were adjusted for covariates in order to control for confounding. Model one was adjusted for baseline age. Model two was additionally adjusted for body mass index (baseline and change), social group, and for variables with significant association in model one and where a causal association was likely. Social group was included to adjust for possible residual confounding by lifestyle variables not assessed in this study and was defined by a fourgroup categorical variable based on educational length, employment status and number of employees (Jorgensen, 1988) .
Subgroup analyses were performed in the female population in order to explore the importance of fertile age with a cut-off baseline age at 50 years; associations with incident gallstones for changes in oral contraceptive use and number of births were tested on the female subgroup of age below 50 years and changes in hormone replacement therapy were tested on the subgroup of age 50 years and above. Analyses of baseline oral contraceptive use and hormone replacement therapy have been 932 Andrology, 2017, 5, 931-938 performed before in this cohort (Shabanzadeh et al., 2016b) . In the male population, subgroup analyses were performed in order to explore the impact of baseline reproductive hormones.
Statistical analyses
Means with standard deviations (SD) were reported for continuous variables and numbers with percentages were reported for categorical variables. Logistic regression was used for statistical analyses. Odds ratios (OR) with 95% confidence intervals (CI) were reported with a significance level set at a 95% CI not including 1. All statistical analyses were performed with the 'R STUDIO' software (RStudio Inc., Boston, MA, USA). Participants with missing data were excluded from the specific analyses including the missing variable only. Reporting was performed according to the STROBE statement.
RESULTS
A total of 3 785 participated at the baseline examination. For the purpose of this study 1 419 participants were excluded due to previous cholecystectomy or gallstones at baseline, no ultrasound examination, or not attending re-examination. The study population thus comprised 2 366 participants which was followed a decade ( Fig. 1) . Baseline characteristics are shown in Table 1 . During the 10-year follow-up, 226 participants developed gallstones and nine had cholecystectomies without having gallstones identified at baseline (Fig. 1) . Thus, a total of 9.9% of the study population developed gallstones during follow-up, with cumulative incidence proportions of 11.6% (N = 132/1139) in females and 8.4% (N = 103/1227) in males.
In females, increasing alcohol consumption (OR 0.94, 95% CI [0.90; 0.98]) and the cessation of hormone replacement therapy compared to a consistent use (OR 0.29, 95% CI [0.10;0.83]) had significant inverse associations with incident gallstones (Table 2) . No other significant associations were identified in females (Table 2) . In subgroup analyses of the female population cut at 50 years of age at baseline, none of the estimates changed significantly for number of births, birth control pills, or for hormone replacement therapy and incident gallstones (data not shown).
In males, increasing levels of SHBG was significantly associated to incident gallstones (OR 0.97, 95% CI [0.94; 0.998]) . No other significant associations for changes in physiology, lifestyle, or reproductive hormones were identified (Table 3 ). In subgroup analyses of male baseline reproductive hormones, increasing free testosterone was significantly associated with incident gallstones (OR 1.15, 95% CI [1.02; 1.30]). Baseline SHBG was significantly associated with incident gallstones in model one but not when body mass index was added in model two (Table 4) .
DISCUSSION
Changes with age over a decade identified inverse associations for increasing alcohol consumption and cessation of hormone replacement therapy in females and increasing SHBG in males with incident gallstones. Higher baseline free testosterone level was associated to incident gallstones.
Previous cohort studies with explorations of changes with age have found that weight changes, changes in numbers of births over seven years, and changes in triglycerides over a minimum five years were positively associated to incident gallstones which is different from the results of this study (Misciagna et al., 1996; Halldestam et al., 2009) . Consistent with our findings, randomized controlled trials have found no effects of moderate to vigorous physical activity on the incidence of gallbladder sludge or stones at ultrasound examination in pregnant women (Ko et al., 2014) and that hormone replacement therapy was associated to clinical gallstone disease or cholecystectomy (Simon et al., 2001; Cirillo et al., 2005) . Other observational studies with other study designs than the present study, have also identified the use of non-high density cholesterol lowering statins to have inverse associations with clinical gallstone disease (Kan et al., 2014) and large scale cohort studies exploring baseline associations with 
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INCIDENT GALLSTONES AND SEX-DEPENDENT CHANGES WITH AGE clinical gallstone disease have identified inverse associations for alcohol use (Grodstein et al., 1994; Leitzmann et al., 1999 Leitzmann et al., , 2003 Katsika et al., 2007) and positive associations for hormone replacement therapy (Petitti et al., 1988; Boland et al., 2002; Liu et al., 2008; Racine et al., 2013) . In spite differences in study designs, findings from these studies are consistent with the findings in of this study. A previous cohort study of the same study population as the present study did not identify significant associations for baseline oral contraceptive use or hormone replacement therapy (Shabanzadeh et al., 2016b) . Endogenous reproductive hormones have only been explored in two casecontrol studies previously, where LH was identified to have an inverse association with gallstones in males (Russo et al., 1993) and no other associations for gallstones and female or male reproductive hormones were identified (Cohen et al., 1992; Russo et al., 1993) . Experimental research of gallbladder bile have shown that high concentrations of bile acids and a lower saturation of cholesterol are inversely associated to gallstone formation (Portincasa et al., 2006) . Alcohol consumption has effect on both these pathways through lowering bile cholesterol saturation (Thornton et al., 1983; Schwesinger et al., 1988; Kurtin et al., 1991) and increasing bile acid excretion (Nestel et al., 1976) .
Alcohol consumption has also been associated with increasing high density lipoprotein cholesterol in blood which is positively correlated to the concentration of bile acids (Janowitz et al., 1992) . Further mechanisms of alcohol involve the speeding up of whole gut transit (Probert et al., 1995) which decrease the production of the lithogenic secondary bile acids by colonic microbiota (Portincasa et al., 2006) and the stimulation of contractions in the gallbladder inhibits bile stasis and gallstone formation (Modaine et al., 1993) . A causal association is supported by these mechanisms, however, the sex differences in effects of changing alcohol exposure identified by this study are yet unexplained. The inverse associations for alcohol consumption and gallstones have also been suggested due to a protopathic bias where a reduced alcohol use was suggested caused by symptoms related to clinical gallstone disease (Thijs et al., 1991) . However, such a protopathic bias is unlikely in the present study due to the exploration of temporal associations and the inclusion of a non-clinical population.
The association for female sex and incident gallstones in cohort studies (Shabanzadeh et al., 2016b) and the association of hormone replacement therapy in this present study supports the hypothesis that female reproductive hormones shifts bile towards a lithogen composition. Experimental evidence has shown that estrogen stimulates cholesterol excretion into bile and stimulates the cholesterol producing speed-limiting enzyme hydroxyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase (Wang et al., 2009 ). An increased cholesterol saturation in bile has also been identified in a randomized controlled trial after interventions of hormone replacement therapy in postmenopausal women (Uhler et al., 1998) . Although all these mechanisms support an association for female reproductive hormones and incident gallstones, the present study has also identified higher baseline free testosterone to be associated with incident gallstones and that an increase with age in SHBG was inversely associated in males. On a population level, there is an age-related decline in testosterone levels in males, which is paralleled by an age-related increase in SHBG (Feldman et al., 2002; Andersson et al., 2007) . The results may, therefore, suggest that male testosterone levels are associated to incident gallstones. Experimental research has demonstrated that bile lithogenicity increases in female rodents with administration of methyltestosterone while castration of male rodents decreases lithogenicity (Ayyad et al., 1995; Ohshima et al., 1996) . Both male and female reproductive hormone levels seem to increase bile lithogenicity and, thereby, the sex difference in gallstone incidence still seems partly unexplained. Although number of births were not associated to incident gallstones in this study, the sex difference may still be explained by births as demonstrated previously (Misciagna et al., 1996) or by an increased lifetime exposure to reproductive hormones when compared to males. The strengths in the present study included the multiple gallstone assessments by ultrasound examination and multiple measures of explorative variables over a long-term follow-up. This enabled an exploration of changes with age in physiology, lifestyle, and reproductive hormones and gallstone formation. To our knowledge, the lengthy follow-up of a decade is the longest reported. Confounding was addressed by adjustment of covariates with association to both incident gallstones and explorative variables such as body mass index (Andersson et al., 2007; Shabanzadeh et al., 2016b) . Limitations included the self-reported assessments of lifestyle variables which might cause a non-differential misclassification bias causing estimates towards one which might explain some of the non-significant estimates. Female endogenous reproductive hormones were not measured and, although challenging due to variations in menopausal status and menstrual cycle, future studies should attempt to do so. It should also be explored whether cumulative lifetime exposures to both female and male reproductive hormones are associated to incident gallstones. This study did not identify associations for changes with age in the Table 2 Logistic regression analyses of changes with age over a decade between baseline and re-examination and gallstone incidence in females Changes with age in no gallstone group (N = 1007) mean (SD)/number (%) traditional cardiovascular disease risk factors and incident gallstones. Possibly, a longer follow-up would have identified significant associations, however, cardiovascular disease and gallstones might be associated through other emerging mechanisms which should be explored further in future studies (Shabanzadeh et al., 2016a) .
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